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Disclosed herein 1s a device which 1nactivates microorgan-
isms. The device includes a light emitter and at least one
light-converting material arranged to convert at least a
portion of light from the light emitter. Any light emitted
from the light emitter and converted light emitted from the
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material including at least one optical brightener and con-
figured to emit a second light. The first light exiting the
device and the second light exiting the device mix to form

a combined light, the combined light being white.
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1
SINGLE DIODE DISINFECTION

TECHNICAL FIELD DISCLOSUR

L1

The present disclosure concerns a light-emitting device
capable of emitting light that can be perceived as white or a
hue of white, and more particularly, a light emitting device
capable of emitting light that can be perceived as white or a
hue of white while simultaneously causing the inactivation
ol microorganisms.

BACKGROUND OF THE DISCLOSURE

Light-emitting devices are a primary requirement 1n most
indoor occupied environments to provide 1llumination of the
area, of tasks being completed 1n the area, and of the area’s
occupants and objects. Lighting technologies range widely
for use indoors, from 1ncandescent and halogen bulbs, to
fluorescent and light-emitting diode (LED) bulbs and
devices, among many other technologies. The primary pur-
pose of these lighting technologies to date 1s to provide light
that can be observed by humans as what i1s considered
“white” light, which can eflectively i1lluminate different
colors, textures, and features of objects 1n a manner pleasing
to humans.

While many technologies are commercially used 1n light-
ing, LED lighting 1s growing as a technology to provide
eilicient, high quality white light 1llumination at an effective
cost point. Some common LEDs for general 1llumination use
a semiconductor junction that 1s energized to emit blue light
and that 1s combined with a phosphor material, such as
certum-doped yttrium aluminum garnet (YAG:Ce) to con-
vert a portion of that blue light to other wavelengths of light,
such as yellow wavelengths. When balanced properly, the
combined light emitted from the semiconductor junction and
the phosphor material 1s perceived as white or a hue of
white. Blue light-emitting semiconductors are used currently
for many reasons, mcluding relatively high efliciency, rela-
tively low cost, and relatively desirable color benefits of the
blue light contribution to the overall spectrum of light (as
compared to light-emitting semiconductors that emait light of
another color).

Some alternative LED technologies use semiconductor
junctions that emit UV, near UV, or violet light instead of
blue light. A phosphor material 1s combined to convert a
portion of the blue, violet, or UV light to other wavelengths
of light and the two components are balanced appropnately
to provide white or a hue of white light. Violet LEDs are
used less frequently due to typically lower efliciency and
cost performance, but have commercially been shown to be
able to provide an adequate visual quality of light 1n some
characteristics like the Color Rendering Index (CRI).

With both of these LED technologies, achieving a rela-
tively high luminous eflicacy of emitted radiation 1s bal-
anced against achieving desirable color characteristics (CRI,
correlated color temperature (CCT), Gamut, etc.) of the
emitted radiation. In other words, the wavelength of com-
bined light emitted from the lighting device 1s chosen, in
relation to the spectral sensitivity of the human eye, to
achieve high efliciency, while minimizing the sacrifice of
desired color characteristics.

Alternative light sources have been created with addi-
tional performance factors 1n mind that utilize emaitted light
in different manners. Lighting fixtures and devices for
horticulture, health, warmth, and disinfection have been
demonstrated. In addition to being tuned for luminous
ellicacy of radiation, these lighting fixtures and devices are
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2

tuned to provide increased outputs ol certain regions of
radiation to accomplish the additional performance factor.

These lighting fixtures and devices provide a dual or
multiple function of lighting through the use of various
alternative functions of light such as photochemical, photo-
biological, radiant energy, and others. Typically, radiant
energy outputs are attempted to be optimized for specific
regions matching absorption or activation spectrums of the
added function. For example, light fixtures and devices for
horticulture are attempted to be optimized for emitting light
matching absorption or activation spectrums of chlorophyll
and other plant based photo-activated mechanisms. Light
fixtures and devices for assisting circadian rhythm are
attempted to be optimized for emitting light matching
absorption or activation spectrums of melatonin.

In these lighting fixtures and devices that emit light for
multiple functions, the light emissions can be balanced to
achieve an acceptable level of each function. One of the
functions can be general 1llumination (e.g., when the mul-
tiple-function lighting fixtures and devices are used in
spaces occupied by humans), in which case, achieving a
relatively high luminous eflicacy of the emitted light 1s
balanced not only against achieving desirable color charac-
teristics of the emitted light, but also of achieving the one or
more other functions to an acceptable or desired level.

BRIEF DESCRIPTION OF THE DISCLOSUR

L1

Embodiments of the disclosure disclosed herein may
include a device which inactivates microorganisms, the
device including a light emitter and at least one light
converting material arranged to convert at least a portion of
light from the light emitter, wherein any light emitted from
the light emitter and the at least a portion of converted light
emitted from the at least one light-converting material mixes
to form a combined light, the combined light having a
proportion of spectral energy measured 1n an approximately
380 nm to approximately 420 nm wavelength range of
greater than approximately 20%.

Embodiments of the disclosure herein may include a
device which nactivates microorganisms, the device includ-
ing a light emitter and at least one light-converting material
arranged to be 1n a direct path of the first light. The light
emitter 1s configured to emit a first light within a range of
380 nm to 420 nm, and the at least one light-converting
material 1s configured to emit a second light in response to
the first light being incident on the at least one light-
converting material. The first light exiting the device and the
second light exiting the device mix to form a combined light,
the combined light being white. The at least one light-
converting material includes at least one optical brightener
which emits light 1n the wavelength range of 450 nm to 495
nm.

BRIEF DESCRIPTION OF THE

DRAWINGS

These and other features of the disclosure will be more
readily understood from the following detailed description
of the various aspects of the disclosure taken 1n conjunction
with the accompanying drawings that depict various aspects
of the disclosure.

FIG. 1 illustrates a light-emitting device according to
various embodiments.

FIG. 2 1llustrates another light-emitting device according
to various embodiments.

FIG. 3 illustrates another light-emitting device according
to various embodiments.
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FIG. 4 1llustrates another light-emitting device according
to various embodiments.

FIG. 5 1llustrates another light-emitting device according
to various embodiments.

FIG. 6 1llustrates another light-emitting device according,
to various embodiments.

FIG. 7 1llustrates another light-emitting device according
to various embodiments.

FIG. 8 1llustrates another light-emitting device according,
to various embodiments.

FIG. 9 1llustrates another light-emitting device according
to various embodiments.

FI1G. 10 illustrates another light-emitting device according,
to various embodiments.

FI1G. 11 illustrates another light-emitting device according
to various embodiments.

FI1G. 12 1llustrates another light-emitting device according,
to various embodiments.

FI1G. 13 1llustrates another light-emitting device according,
to various embodiments.

FI1G. 14 1llustrates another light-emitting device according,
to various embodiments.

FIG. 15 illustrates another light-emitting device according,
to various embodiments.

FIG. 16 1llustrates an ANSI C78.377A LED Standards
with accepted x-y coordinates at selected CCTs that are color
coordinate ranges for light-emitting devices 1 some
embodiments of the disclosure.

It 1s noted that the drawings may not be to scale. The
drawings are intended to depict only typical aspects of the
disclosure, and therefore should not be considered as lim-
iting the scope of the disclosure. In the drawings, like
numbering represents like elements between the drawings.
The detailed description explains embodiments of the dis-
closure, together with advantages and features, by way of
example with reference to the drawings.

DETAILED DESCRIPTION OF TH.
DISCLOSURE

(Ll

According to various embodiments, a lighting device 1s
disclosed that i1s capable of emitting light that can be
perceived as white or a hue of white and simultaneously 1s
capable of emitting certain concentrations of light with
specific wavelengths that are associated with the mnactivation
of at least some microorganisms. The light-emitting device
1s composed of a light emitter (e.g., LEDs, lasers) and one
or more light-converting matenals (e.g., phosphors, optical
brighteners) assembled 1n a manner that light emitted from
light emitter will be directed into the light-converting mate-
rial(s) and at least a portion of this light directed into the
light-converting material(s) will be converted by the light-
converting material(s) to light having a different quality
(e.g., a different peak wavelength). Light can be converted
by the light-converting material(s) by absorbing the light,
which energizes or activates the light-converting materal(s)
to emit light of a different quality (e.g., a different peak
wavelength). A combined light emitted by the light ematter
and the light-converting material(s) has a proportion of
spectral energy measured 1n an approximately 380 nm to
approximately 420 nm wavelength range of greater than
approximately 20%.

The light emitter and light-converting material(s) may be
assembled 1n many diflerent manners, such as, but not
limited to the embodiments depicted 1n FIGS. 1-15. Light
emitted by the light emitter(s) and the light-converting
material(s) can be modified by optics, reflectors, or other
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assembly components to facilitate the combined light emat-
ted by the light-emitting device being perceived as white or
a hue of white. Referring to FIG. 1, a light-emitting device
10 1s 1llustrated that includes a pump LED 12 as the light
emitter, a light-converting material 14, an encapsulant 16,
and a substrate 18. The light-converting material 14 may be
dispersed within encapsulant 16. Pump LED 12 and light-
conversion material 14 are supported on the substrate 18.

FIG. 2 illustrates a light-emitting device 20 that includes
a packaged pump LED 22 as the light emitter, a light-
converting material 24, a lens 26 containing the light-
converting material 24, and a substrate or base 28.

FIG. 3 illustrates a light-emitting device 30 that includes
an array ol pump LEDs 32 contained by a light-converting
material 34 that 1s evenly distributed within an encapsulant
36.

FIG. 4 illustrates a light-emitting device 40 that includes
an array of LEDs 42 with light-converting materials 44 that
convert light to red, green, blue, and amber light. The
light-converting materials 44 are shown dispersed, or con-
tained, 1 an encapsulant 46. LEDs 42 and encapsulant 46
are shown supported on a substrate 48.

FIG. 5 illustrates a light-emitting device 50 that includes
LED 52 contained by a light-converting material 54 that 1s
contained by an encapsulant 56, all of which 1s supported on
a substrate 58.

FIG. 6 illustrates a light-emitting device 60 that includes
a packaged LED 62 contained by a light-converting material
64 that 1s contained by a lens 66. LED 62, light-converting
material 64, and lens 66 are supported by a base or substrate
68.

FIG. 7 illustrates a light-emitting device 70 that includes
a packaged LED 72 contained by conformally coated light-
converting material 74 that 1s contained by a lens 76. LED
72, light-converting material 74, and lens 76 are supported
on a base or substrate 78.

FIG. 8 illustrates a light-emitting device 80 that includes
an array ol LEDs 82 contained by a light converting-
material 84 that 1s contained by an encapsulant 86. LEDs 82,
light-converting material 84, and encapsulant 86 are sup-
ported on a substrate 88.

FIG. 9 1llustrates a light-emitting device 90 that 1s a light
bulb including LED 92, an outer light-converting filter 94, a
base 97, and a pedestal 98. Base 97 and pedestal 98 support
LED 92.

FIG. 10 1llustrates a light-emitting device 100 that 1s a
light bulb including an LED 102, a light-converting filter
104 contained by an outer bulb 106, a base 107, and a
pedestal 108. Light-converting filter 104 can directly contact
outer bulb 106.

FIG. 11 1illustrates a light-emitting device 110 that i1s a
light bulb including an LED 112, a light-converting filter 114
on top of the pump LED 112, an outer bulb 116, a base 117,
and a pedestal 118. Light-converting filter 114 can be
directly on the pump LED 112.

FIG. 12 illustrates a light-emitting device 120 that 1s a
light bulb including an LED 122, a light-converting filter
124 surrounding the pump LED 122, an outer bulb 126, a
base 127, and a pedestal 128. Light-converting filter 124 can
directly contact pump LED 122.

FIG. 13 illustrates a light-emitting device 130 that 15 a
spot lamp including an LED 132, a light-converting filter
134 on pump LED 132, a reflector 135, a lens 136, and a
base 137. Light-converting filter 134 can be directly on
pump LED 132.

FIG. 14 1llustrates a light-emitting device 140 that 1s a
spot lamp including, an LED 142, a light-converting filter
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144, a retlector 145, a lens 146 on light-converting filter 144,
and a base 147. Lens 146 can be directly on light-converting
filter 144.

FIG. 15 illustrates a light-emitting device 150 that 1s a
spot lamp including an LED 1352, a light-converting filter
154, a reflector 155, and a base 157.

Though illustrated in FIGS. 1-15 as an LED, the light
emitter can be any known emitter, including but not limited
to a substrate and an LED (e.g., pump LED), a packaged
LED, an array of LEDs, a spot lamp, a laser, and traditional
light bulbs either with an LED replacement fixture or other
light bulbs. The light emitter can have a peak wavelength/
majority of light output 1n the 380-420 nm wavelength range
of light. In embodiments with multiple light emaitters (e.g.,
an array of LEDs), the light emitters can all emit light of
approximately the same wavelength. For example, the array
of LEDs 32 shown i FIG. 3 and the array of LEDs 42
shown 1n FIG. 4 can all emit light within the range of
380-420 nm. In some embodiments, the array of LEDs 32,
42 can all emit light within the wavelength range of 390-415
nm, and 1n other embodiments 400 nm-410 nm.

Light-converting material, as used herein, constitutes a
broad category of materials, substances, or structures that
have the capability of absorbing a certain wavelength of
light and re-emitting 1t as another wavelength of light.
Light-converting materials should be noted to be different
from light-emitting materials and light-transmitting/filtering
maternals. Light-emitting materials can be broadly classified
as materials, substances, or structures/devices that convert a
non UV-VIS-IR form of energy mto a UV-VIS-IR light
emission. Non ultraviolet-visible-infrared (UV-VIS-IR)
forms of energy may be, and are not limited to: electricity,
chemical reactions/potentials, microwaves, electron beams,
and radioactive decay. Light-converting materials may be
contained 1 or deposited on a medium, making a light-
converting medium. It should be understood that light-
converting materials, light-converting mediums, light-con-
verting filters, phosphors, and any other terms regarding the
conversion of light are meant to be examples of the light-
converting material disclosed. In some embodiments, the
light-converting material can be a phosphor, an optical
brightener, a combination of phosphors, a combination of
optical brighteners, or a combination of phosphor(s) and
optical brightener(s). Optical brighteners are light-convert-
ing materials (e.g., chemical compounds) that absorb light 1n
the ultraviolet and/or violet regions of the electromagnetic
spectrum, and re-emit light in the blue region. Light-con-
verting materials can be capable of absorbing multiple
different wavelengths of light and emitting multiple different
wavelengths of light, 1n both scaled and not specifically
scaled manners.

The phosphor or other light converting material may be
deposited directly on the light emitter, as illustrated 1n at
least FIGS. 1-7, or may be remote or further removed from
the light emitter, as illustrated in at least FIGS. 9-10 and
14-15, which show a light-converting filter distanced from
the light emaitter. The remote phosphor configuration reduces
flux density through the light-converting filter by increasing
surface area of the flux. The physical separation of the light
emitter and the light-converting filter, and the reduced flux
can reduce the operating temperature of the light-converting
filter by reducing conducted heat from the light emitter. The
lower temperature of the light-converting filter reduces
thermal quenching of the light output and other undesirable
cllects of elevated operating temperature. Light-converting
materials can be deposited, for example, as conformal
coatings, doped encapsulants or binder materials, and
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remote phosphors. The at least one light-converting material
may be fully homogenized at different or 1dentical ratios and
used as a bulk mix, or the at least one light-converting
materials may have some or all portions positioned or
layered separately, aflecting the absorption and emission of
different materials that may not be compatible when mixed
or that may absorb too much underlying light.

In some embodiments, the CRI value of the combined
light output or combined emitted light from the light-
emitting device (e.g., light emitted from the light emaitter
mixed with light emitted from the light-conversion material)
can have a CRI value of at least 55, 60, 65, or 70. In further
embodiments, the CRI value can be at least 80, 85, 90, or 95,
plus or minus approximately 3.

In some embodiments, the combined light output or
combined emitted light from the light-emitting device can be
white light. White light can be defined as light with a
correlated color temperature (CCT) value of approximately
1000 kelvin (K) to approximately 8000K, 1n some embodi-
ments approximately 2000K to approximately 6000K, and
in some embodiments approximately 2,500K to approxi-
mately 5,000K, wherein “approximately” can include plus
or minus about 200K.

In some embodiments, the light-emitting device can have
a spectral content of light output 1n the 380-420 nm wave-
length range of at least 20%. The spectral content of light
output in the 380-420 nm wavelength range 1s defined as the
proportion of absolute irradiance value of light having
wavelengths 1 the range of 380-420 nm relative to the
absolute 1irradiance value of light having wavelengths in the
range of 380-720 nm. Dividing the former value by the latter
value yields the % spectral content of emitted light 1n the
380-420 nm wavelength range. The spectral output 1is
defined as the radiometric energy. The absolute irradiance
values can be measured by any now-known or later-devel-
oped means. In some embodiments, the absolute 1rradiance
values are measured in mW of radiometric energy.

The spectral content in the 380-420 nm wavelength range
can be utilized for the mactivation of bacterial pathogens. A
405 nm peak wavelength and a range of wavelengths above
and below 405 nm (380-420 nm) have proven efllective for
the mactivation of bacterial pathogens.

As one example, the device may be assembled similarly
to a “blue-phosphor” LED device. A blue-phosphor LED
device 1s a single package electronic device capable of
emitting light. The embodiment of the device depicted 1n
FIG. 2, as well as several of the other figures, for example,
could be architecturally similar to a “blue-phosphor” LED
device. Typically, mn a “blue-phosphor” LED device, a
semiconductor LED capable of emitting blue light 1s cov-
ered or surrounded by a phosphor material or otherwise
placed so that light emitted from the diode passes though the
phosphor. The “blue-phosphor” LED device emits some
portion of the original blue light from the LED, and some of
the light from the phosphor which has been converted from
blue light. The “blue-phosphor” LED device has a combined
light emission ratio of the blue light and the light emaitted
from the phosphor to emit a light that 1s overall perceived as
white.

The LED device according to embodiments of the dis-
closure 1s assembled similarly to a “blue-phosphor” LED
device but includes a semiconductor LED that emits a
majority of light/peak of light within the 380-420 nm
wavelength range rather than wavelengths within the con-
ventional range of approximately 450-495 nm, which would
be percerved as blue. Light 1n the 380-420 nm wavelength
1s capable of killing or deactivating microorganisms such as
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but not limited to Gram positive bacteria, Gram negative
bacteria, bacterial endospores, and yeast and filamentous
fungi. Some Gram positive bacteria that can be killed or
deactivated include Staphviococcus aureus (incl. MRSA),
Clostridium perfringens, Clostridium difficile, Enterococcus
faecalis, Staphvlococcus epidermidis, Staphvloccocus hyi-
cus, Streptococcus pyogenes, Listeria monocytogenes,
Bacillus cereus, and Mycobacterium terrae. Some, Gram
negative bacteria 1nclude baumannii,
Pseudomonas aeruginosa, Klebsiella pneumoniae, Proteus
vulgaris, Escherichia coli, Salmonella enteritidis, Shigella
sonnei, and Serratia spp. Some bacterial endospores include
Bacillus cereus and Clostridium difficile. Some yeast and
fllamentous fung1 include Aspergillus niger, Candida albi-
cans, and Saccharomyces cerevisiae. Light 1n the 380-420
nm wavelength has been eflective against every type of
bacteria tested, although 1t takes different amounts of time or
dosages dependent on species. Based on known results 1t 1s
expected to be effective against all gram-negative and gram-
positive bacteria to some extent over a period of time. It can
also be eflective against many varieties of fungi, although
these will take longer to show an effect. The LED, according
to embodiments of the disclosure, 1s surrounded by a phos-
phor material capable of absorbing and converting some
portion of that anti-microbial light emitted from the LED
(380-420 nm) to an alternative wavelength or wavelengths.
This LED device can have a combination of selected phos-
phors, such as but not limited to Lutetium Aluminum Garnet
and Nitride, that when combined at the proper ratios can
emit a light perceived as white or a hue of white. This
example LED device can have a CRI equal to or greater than
70. In some embodiments, this example LED device can
have a CRI equal to or greater than 80. A percentage of
spectral content of light emitted from the example LED
device with approximately 380-420 nm wavelength can be
equal to or greater than 20%. In some embodiments, light
with wavelengths in the range from approximately 380-420
nm may comprise at least approximately 25%, 30%, 35%,
40%, 45%, or 50% of the total combined light emitted from
the example LED device.

In some embodiments, the light-emitting device can be a
surface mount LED device, which includes an LED and a
light-conversion material. The surface mount LED device
can be mounted onto a printed circuit board (“PCB”) or
otherwise configured to be capable of transferring power to
the light-emitting device and to the LED. The LED can be
coupled to the PCB through bond wires or leads which
enable an electrical connection from the LED to the outside
of the device. The device may have a lens, encapsulant, or
other protective cover. The embodiments shown 1n FIGS.
1-8 can be embodied as surface mount LED devices by
arranging them with wires or leads connected to the respec-
tive LEDs and configured to be connected to a PCB.

In additional embodiments, the light-emitting device can
be a through-hole LED device, which 1s similar to a surface
mount package but 1s intended to be mounted to a PCB
board or otherwise configured to be capable of transierring
power 1nto the device and the light emitter via conductive
legs which mate with matched holes or vias on the PCB or
similar structure. The legs are coupled to the PCB or similar
structure through solder or another conductive medium.

In some embodiments, the light-emitting device can be a
chip-on-board LED arrangement, which i1s a package with
one or more light sources and a light converting-material.
The one or more light sources can be mounted directly to a
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substrate, and the light-converting material can be placed so
a desired portion of emitted light 1s converted by the light
converting material.

Unlike previous attempts with devices to produce accept-
able light spectrums, which required multiple different light
emitters to be ncorporated into a device to achieve white
light of acceptable characteristics, embodiments of the dis-
closure do not require multiple different light emuatters,
which would each require 1ts emitted light to be combined
through optics or housing structures, which in turn would
require increased electronics, controls, optics, and housing,
structures. The additional features and increased cost met-
rics associated with multiple-light-emitter light-emitting
devices make color mixing methods inherently cumbersome
for these light-emitting devices as compared to light-emiat-
ting devices with single light emitters, which can produce a
combined light spectrum out of a single assembly.

In one embodiment, a device 1s disclosed which com-
prises a unit that uses only violet LEDs (approximately 405
nm) to create white light, while maintaining the disinfection
capabilities of the desired spectrum. Color temperatures of
2700 k, 3500 k, and 4100 k, with CRI above 80 are possible
with a single light emitter (e.g., LED) according to embodi-
ments of the disclosure. Generally, a CCT range of 2700-
5000 k with mimimum CRI of 70, and violet spectral content
above 20% 1s possible. In some embodiments, the use of two
or more light-converting materials can achieve these values.
In some embodiments, phosphors that convert light to each
of red (620-750 nm), green (495-570 nm), and blue (450-
495 nm) wavelengths can be used, such as Nitride, Lutetium
Aluminum Garnet, and Ca,PO,Cl:Eu**, respectively.

A difficult aspect to overcome 1s a lack of blue light
emission in conftrast to conventional LED white lights.
While violet light can be combined with other colors to
create white, 1t has been found that diflerences in perception
from person to person exist for violet light. This means
different people see a combined light differently; some
might see too much violet, while others might see not
enough violet; causing a misrepresentation of the color of
white light overall. In addition, without enough blue light 1t
1s more difhicult to achieve a high CRI. Previous attempts
have utilized blue LEDs mixed with the other colors to boost
CRI and balance the color of the mixed light output. Even
with this approach some people still see the light differently
depending on their sensitivity, but it has shown reduced
differentiation of observed color overall of combined spec-
trums. Some embodiments herein instead add blue light
through the use of phosphors, optical brighteners, or other
blue emitting materials. These materials can absorb violet
light and emit blue light, without the use of a discrete blue
LED. Some phosphor material compositions 1include
Yttrium Aluminum Garnet, Lutetium Aluminum Garnet,
Nitride, Oxynitride, Calcium Sulfide, Ca,PO,Cl:Eu**, and
Silicate. Some optical brightening agents are chemical
derivatives of stilbene, coumarin, 1,3 diphenyl pyrazoline,
naphthalene dicarboxylic acid, heterocyclic dicarboxylic
acid, and cinnamic acid.

FIG. 16 serves as an example of color coordinates and
ranges of color coordinates that could be achieved 1n prac-
tice in some embodiments of the disclosure. It should be
understood that these are examples of some existing stan-
dards of color coordinates that can be achieved; other
standards that exist or may be developed in the future for
white light may be used. Additionally, the disclosed device
may be approximately matched in color coordinates to CIE
standard i1lluminants and/or standard illuminant families; 1t
should be noted that the disclosed device may not match all
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defined characteristics of a standard 1lluminant, but 1n some
embodiments will approximately match the xy color coor-
dinates. Some of these additional CIE standard i1lluminants
include but are not limited to A, B, C, D50, D53, D65, D73,
E, F1, F2, F3, F4, F5, F6, F7, F8, F9, F10, F11, and F12.

The foregoing description of various aspects of the dis-
closure has been presented for the purpose of 1llustration and
description. It 1s not mntended to be exhaustive or to limait the
disclosure to the precise form disclosed, and obviously,
many modifications and variations are possible. Such varia-
tions and modifications that may be apparent to one skilled
in the art are intended to be included within the scope of the
present disclosure as defined by the accompanying claims.

What 1s claimed:
1. A light emitting device which 1nactivates microorgan-
isms, the light emitting device comprising:
one or more light emitters configured to emait light with a
same wavelength 1n the range of 380 nm to 420 nm; and

at least two light-converting materials arranged to convert
a portion of light emitted from the one or more light
emitters to at least two different wavelengths different
from a wavelength of the light emitted from the one or
more light emaitters,

wherein the light emitted from the one or more light

emitters and the light emitted from the at least two
light-converting materials mixes to form a combined
light, the combined light being white, having a color
rendering index (CRI) value of at least 70 and having
a proportion of spectral energy measured 1n a 380 nm
to 420 nm wavelength range of greater than 20%.

2. The light emitting device of claim 1, wherein at least
one of the one or more light emitters comprises a light-
emitting diode (LED).

3. The light emitting device of claim 1, wherein at least
one of the one or more light emitters comprises a laser.

4. The light emitting device of claim 1, wherein at least
one of the at least two light-converting materials includes at
least one phosphor.

5. The light emitting device of claim 1, wherein at least
one of the at least two light-converting materials includes at
least one optical brightener.

6. The light emitting device of claim 1, wherein the
combined light has a peak wavelength 1n the range of 380
nm to 420 nm.

7. The light emitting device of claim 1, wherein each of
the one or more light emitters emits light having a peak
wavelength of approximately 405 nm.

8. The light emitting device of claim 1, wherein the
combined light has a CRI of at least 80.

9. The light emitting device of claim 1, wherein the one
or more light emitters includes an array of light emuitters and
the at least two light-converting materials are evenly dis-
tributed over each light emitter of the array.

10. The light emitting device of claim 1, wherein the
combined light has a correlated color temperature (CCT)
between approximately 2,500 K and 5,000 K.

11. The lhight emitting device of claim 1, wherein the
combined light has a proportion of spectral energy measured
in a 380 nm to 420 nm wavelength range of greater than
30%.

12. The light emitting device of claim 1, wherein the
combined light has a proportion of spectral energy measured

in a 380 nm to 420 nm wavelength range of greater than
40%.
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13. A light emitting device which inactivates microorgan-
isms, the light emitting device comprising:

one or more light emitters configured to emait a first light

within a same wavelength 1n a range of 380 nm to 420
nm; and
at least two light-converting materials arranged to be 1n a
direct path of the first light, a first light-converting
material configured to emit a second light 1n response
to the first light being incident on the first light-
converting material, and a second light-converting
material configured to emit a third light 1n response to
one or both of the first and second lights being incident
on the second light-converting material,
wherein the first light exiting the light emitting device, the
second light exiting the light emitting device and the
third light exiting the light emitting device mix to form
a combined light, the combined light being white and
having a color rendering index (CRI) value of at least
70,

wherein the first light-converting material includes at least
one optical brightener which emits light 1n the wave-
length range of 450 nm to 495 nm,

wherein the second light-converting material includes at

least one phosphor which emits light in the wavelength
range greater than 495 nm, and

wherein the combined light has a proportion of spectral

energy measured 1 a 380 nm to 420 nm wavelength
range of greater than 20%.
14. The light emitting device of claim 13, wherein at least
one of the one or more light emitters comprises a light-
emitting diode (LED).
15. The light emitting device of claim 13, wherein the
combined light has a peak wavelength 1n the range of 380
nm to 420 nm.
16. The light emitting device of claim 13, wherein the
second light-converting material includes a first phosphor
that emits light in the wavelength range of 620 nm to 750
nm, and a second phosphor that emits light 1n the wave-
length range of 495 nm to 3570 nm.
17. The light emitting device of claim 13, wherein the
combined light has a CRI of at least 80.
18. The light emitting device of claim 13, wherein the
combined light has a correlated color temperature (CCT)
between approximately 2,500 K and 5,000 K.
19. The light emitting device of claim 13, wherein the one
or more light emitters includes an array of light emaitters and
the at least two light-converting materials are evenly dis-
tributed over each light emitter of the array.
20. A light emitting device which 1nactivates microorgan-
1sms, the light emitting device comprising:
a light ematter; and
at least one light-converting material arranged to convert
at least a portion of light emitted from the light ematter,

wherein any light emitted from the light emaitter and the at
least a portion of converted light emitted from the at
least one light-converting material mixes to form a
combined light, the combined light being white, having
a color rendering idex (CRI) value of at least 70,
having a correlated color temperature (CCT) between
approximately 2,500 K and 5,000 K, and having a
proportion of spectral energy measured in an approxi-
mately 380 nm to approximately 420 nm wavelength
range ol greater than approximately 20%.
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